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to become dorsal epidermis
predominantly receive signals in
the form of Dpp and Scw
homodimers, which have a broader
distribution due to their lower
affinity for Sog and Tsg. However,
homodimers activate Smads less
efficiently than heterodimers, and
thus a biphasic signalling profile is
generated [3] (Figure 1C).
In addition to the transport
system, a positive feedback
mechanism is proposed to promote
BMP–receptor interactions at the
dorsal midline  via an unidentified
Dpp target gene (Figure 1B). This
creates a biphasic profile of
BMP–receptor interactions, with
heterodimers at the dorsal midline
having increased capacity for
receptor binding, whereas
homodimer–receptor interactions in
dorsolateral regions are reduced. In
this way, the peak of Dpp/Scw
signalling is refined to a tight stripe
in embryos at the onset of
gastrulation [4] (Figure 1D).
This model leaves at least two
outstanding questions. First, what
is the molecular mechanism for
the increased levels of active Mad
by Tkv–Put–Sax versus Tkv–Put
or Sax–Put receptor complexes?
Perhaps Smads are recruited to
the Tkv–Put–Sax receptor
complex with greater efficiency or
an increased stoichiometry.
Alternatively, an inhibitor may
exist which is more readily
displaced from Tkv–Put–Sax
complexes [9], or Tkv–Put–Sax
complexes may be preferentially
sorted into distinct endocytic
vesicles which favour signalling
[10]. Second, what is the Dpp
target gene which promotes
BMP-receptor interactions? High
levels of BMP signalling may
activate a co-receptor which
increases the affinity of
BMP–receptor interactions, or an
inhibitor of post-transcriptional
receptor downregulation thereby
restricting downregulation to
regions of low signalling [4]. It is
possible that the target gene
reinforces Dpp/Scw synergy, for
example by stabilising the Sax
receptor.
Mathematical modelling
suggests that Dpp–Scw
heterodimers are more robust to
changes in gene dosage than
homodimers [3]. As heterodimers
are also more potent signalling
molecules, it is likely that other
BMPs function as heterodimers
as well. There is some
supporting evidence for this in
Drosophila [11,12], as well as in
vertebrates [13–16].
Formation of the Dpp–Scw
gradient in the embryo is an
unusual case in that dpp and scw
transcripts are uniform in the
dorsal ectoderm. In contrast, in the
wing imaginal disk a gradient of
Dpp forms from a localised source
through diffusion which is
restricted by heparan sulphate
proteoglycans [17]. These distinct
mechanisms for creating BMP
gradients emphasise the
resourcefulness of evolution in
solving a biological problem in
different developmental contexts.
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One of the most stringent
experimental tests of DNA flexibility
is the formation of small DNA
circles. But how does DNA form a
small circle in solution? A common
view is that the stacking between
adjacent base pairs can vary within
rather small limits, thus enabling
the narrowing or widening of the
DNA grooves that is a concomitant
of DNA bending and circularisation.
These conformational fluctuations
would also accommodate small
correlated changes in DNA twist.
As a circle must necessarily
contain an integral number of
DNA Dynamics: Bubble ‘n’ Flip for
DNA Cyclisation?
A recent demonstration of the facile in vitro formation of DNA
microcircles of fewer than 100 base pairs throws new light on the basis
of DNA flexibility.
double helical turns, circle
formation from a linear molecule
requires that on ligation the two
ends be in helical register. And this,
in turn, implies that DNA fragments
with an integral number of turns, n,
will form circles much more easily
than those with n±½ turns. 
Indeed, such a property was
elegantly demonstrated by the
classic experiments of Shore and
Baldwin [1], where for fragments of
240–250 bp the difference in
cyclization probability between
fragments containing n and those
containing n±½ turns was ~25 fold.
These experiments showed that
both undertwisting and
overtwisting could compensate
symmetrically for twist deficits, and
enabled the calculation of a value
for the torsional flexibility of DNA. 
With smaller fragments, both the
required bend angle and twist
compensation for cyclization
increase so that considering only
smooth bending and associated
twisting the formation of circles of
only ~100 bp should, on current
models, be energetically
implausible in solution in the
absence of a facilitating protein.
Nevertheless, despite the apparent
improbability of such events,
Cloutier and Widom [2,3] have
recently shown that circles can be
formed relatively easily in vitro, not
only from fragments of 94 and
105 bp (9 and 10 double helical
turns, respectively) but, even more
surprisingly, from fragments of 89
and 99 bp (8½ and 9½ turns), again
with only an ~25 fold lower
probability.
These observations strongly
suggest that the behaviour of DNA
in solution is more complex than
previously modelled. The classic
theory of DNA flexibility is
essentially an exercise in
engineering, considering the long
DNA polymer as a moderately
flexible rod that can both twist and
bend [4]. However, although this
model very successfully predicts
the probability of formation of
moderately sized circles [5], it
ignores the highly dynamic
properties of the component base-
pairs. In solution, both base-pair
separation and base-flipout occur
on a millisecond time scale [6,7].
The rates of both these (related)
processes depend on the stacking
and melting energies of individual
base-steps and their sequence
context. What, then, is the source
of enhanced flexibility? 
The finger points to the usual
suspect, the base-step TpA, as a
major player [8]. This is the least
stable of all the ten possible base-
steps, with a melting energy in
solution of only ~0.12 kcal/mole, a
value which is six-fold smaller than
that of TpG/CpA, the next least
stable step, and some 22-fold
lower than that of GpC, the most
stable step [9]. Notably, the energy
required for melting the TpA step is
less than the thermal energy at
room temperature —
~0.6 kcal/mole — implying that
conformational fluctuations of this
step are facile and could dominate
the dynamics. Indeed when
Cloutier and Widom [3] substituted
phased TpA steps with TpG the
probability of circularisation for
89–105 bp fragments decreased by
~12-fold to a value comparable to
that for random sequences.
What structural perturbations
could be responsible for this
phenomenon? A kink in the DNA
duplex increasing the local bend
angle is one possibility. Indeed
local kinks or near-kinks restricted
to a single base-step occur at
positions of high DNA curvature in
the nucleosome core particle [10].
As predicted by Crick and Klug
[11], these kinks are found where
the minor groove of DNA points in
towards the histone octamer
[10,12]. Tellingly, in these positions
there is a preference for the three
base-steps, TpA, TpG/CpA and
CpG, with the lowest stacking
energy [13–15]. However, these
kinks are also likely stabilised by
the charge neutralisation of the
phosphates on the inside of the
kink, thus minimising repulsion
between closely approaching
phosphates. This implies that, in
free solution, kinks are at best
transient entities, but they could
nevertheless facilitate tight bending
although not necessarily twisting.
For such a situation two other
models, the kinked worm-like chain
model (KWLC) and the flexible-
hinge bubble model, have recently
been proposed (Figure 1) [16,17].
Both postulate local lesions which
strongly enhance both bending and
bidirectional torsional flexibility. Is
there any evidence that such
lesions can exist? One indication is
the occurrence in both supercoiled
and relaxed DNA of short stretches
of ~3 bp in extent that are
accessible to an endonuclease
specific for single-stranded DNA
[8]. These lesions are invariably
centred on a TpA step and notably
when the sequence context
juxtaposes a TpA and a relatively
unstable TpG step the accessible
region increases to ~10 bp. This
observation strongly supports the
concept of a flexible-hinge bubble,
but it remains to be established
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Figure 1. Mechanisms for the formation of microcircles.
(A) Smooth bending. (B) Kinking at sites of low stacking energy. (C) Hinge formation at
bubble sites.
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whether such bubbles actually
facilitate the formation of
microcircles.
Although transient bubbles or
related structures might increase
the probability of forming small
circles, longer DNA molecules are
probably similarly dynamic.
Increased flexibility, however, is
not the universal panacea for either
DNA wrapping or circularization. It
comes with a cost. Static bends
which allow a DNA molecule to
easily adopt an appropriate
configuration can considerably
enhance both circularisation and
nucleosome formation [18].
Nevertheless when the flexibility of
a DNA sequence is increased at
the expense of loss of static
bending, DNA wrapping is impaired
rather than enhanced [14]. 
This is presumably because the
more flexible a sequence is, the
more configurations it can easily
adopt, so that the entropic penalty
on wrapping is consequently
greater. This implies that the
occurrence of transient,
hyperflexible lesions might be
detrimental to the formation of
larger circles, where the average
bend angle per double helical turn
is within the normal fluctuations for
maintaining the stacking consistent
with smooth bending. As the
calculation of the torsional
flexibility from experimentally
determined cyclization rates could
include a component, either
positive or negative, from the
hyperflexible lesions the relative
contributions of discontinuous and
smooth fluctuations clearly need to
be refined.
To what extent are these
considerations applicable to DNA
in chromatin — whether eukaryotic
or bacterial? Much of the genomic
DNA is packaged, and so
constrained, by non-specific DNA
binding proteins. Yet even when
not complexed with proteins, other
stabilising factors — divalent
cations and/or polyamines — could
limit the dynamic flexibility of DNA.
Moreover eukaryotes and bacteria
have both evolved functionally
analogous but structurally distinct
proteins — HMGB proteins in
eukaryotes and HU in bacteria —
that facilitate circularisation in part
by introducing one or more kinks
into the DNA. However, HMGB-
induced circularisation of DNA,
even for very small circles, appears
to a first approximation to be
independent of helical phase,
implying that these proteins not
only bend the DNA but also
increase torsional flexibility [19,20].
One possible implication is that
cells adopt an authoritarian attitude
towards their most precious asset
and act to suppress dynamic
random melting events that could
promote deleterious events such as
adventitious transcription initiation.
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For more than three decades,
phosphorylation of histone H3
has been used as a marker for
entry of a eukaryotic cell into
meiosis or mitosis: it correlates
with the condensation of
chromosomes that is a
prerequisite for their movement
and thus proper segregation.
Over the years, numerous kinases
have been implicated in histone
Chromosome Segregation: Aurora
B Gets Tousled
Aurora B kinases play important roles during mitosis in eukaryotic
cells; new work in Caenorhabditis elegans has identified the Tousled
kinase TLK-1 as a substrate activator of the model nematode’s Aurora
B kinase AIR-2 which acts to ensure proper chromosome segregation
during cell division.
